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Abstract: Hydrothermal vents are one of the important sources of major or trace elements in the
ocean. The elemental fluxes, however, may be dynamic due to coastal processes and hydrothermal
plumes, especially in shallow-water hydrothermal vents. We collected water samples by using the
trace-metal clean technique inside and outside two shallow-water hydrothermal vents (white vent:
low temperature, high pH; and yellow vent: high temperature, low pH) off Kueishantao Islet, Taiwan,
China via SCUBA divers. We analyzed these samples for their hydro-chemical parameters and
dissolved elements (Fe, Mn, Mg, V, Cu, and Mo) thereafter. Our results show that dissolved metals’
concentrations were significantly different between the two vents, with higher Mn and Fe in the White
Vent than in the Yellow Vent, likely due to the decreased affinity of the dissolved metals for particles
in the white vent. We estimated the plume fluxes of dissolved metals from the hydrothermal mouth
by multiplying in situ hydrothermal discharge flowrates with metals’ concentrations inside the vents,
which were: 1.09~7.02 × 104 kg Mg, 0.10~1.23 kg Fe, 0.08~28 kg Mn, 33.4~306 g V, 2.89~77.7 g Cu,
and 54.3~664 g Mo, annually. The results further indicate that such plumes probably have impacted
nearby seawater due to coastal currents and particle desorption during transport. Furthermore,
the concentrations of biogenic elements could be further modified in seawater, and potentially
impact nearby ecosystems on a larger scale. Our study provides information with which to further
understand metal redeployment in submarine shallow nearby ecosystems.

Keywords: siderophile elements; chalcophile elements; submarine hydrothermal ecosystem; coupling
processes; heavy metals; carbon; nitrogen and sulphur; Kueishantao Islet

1. Introduction

Kueishantao Islet’s (KSI) shallow hydrothermal ecosystems are major sources of many
chemical elements and gases in nearby coastal waters [1]. These seafloor hydrothermal
vents are mostly located at the boundaries of plates (including discrete plates and con-
verging plates), which spew gases (CO2, H2S, NH3, CH4, H2, and SO2) and fluids [1].
Here, magmatic fluids, seawater, and seabed bedrock interact with each other violently,
along with the boundary faults or fractures, and thus hydrothermal fluids are produced
with many acid-reducing sulfides and ore-forming metals [2–4]. The seabed hydrothermal
system is typically characterized by layered, high-temperature, and high-salt solutions and
hydrothermally active polymetallic ooze [1,5]. Once emitted, the hydrothermal fluid is
further subject to mixing with ambient cold seawater, with specific microbial communities
occurring in the nearby waters, and increased metal sulfide discharge and accumulation
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in natural chimney bodies [6]. The unique ecosystem, here, might have a link with and
potentially impact nearby ecosystems.

Siderophile metals in hydrothermal vents have been considered to be the key drivers
dictating protometabolism and forming local fauna in hydrothermal systems [7,8]. In par-
ticular, siderophile–metal–ligand complexes occur in the deep ocean trenches, probably
due to the combination of naturally occurring oceanic metals and ligands synthesized from
the emergent CO2, H2, NH3, H2S, and H3PO4 [9].

Highly siderophile elements (HSE) have been used previously in tracing sulfide
oxidation and thus recording the redox evolution of materials in the mantle source [10,11].
Previous studies also report that, with the discharge of metallic minerals and accumulation
of sulfide, distinct microbial communities were formed as a unique photo-autotrophic
ecosystem near hydrothermal vents [6]. Specifically, the microorganisms are generally
more abundant in the white vents than in the yellow vents, and sox-dependent and reverse
sulphate reduction are the main pathways of energy capture, with sulfide reduction as an
alternative [12]. The sulfur redox bacteria generally have stronger chemolithoautotrophic
ability when closer to the vent mouth, while sulfide-oxidizing bacteria are the dominant
groups in the yellow vent. Both autotrophic and heterotrophic bacteria are identified
occurring in these hydrothermal vents [6], although vent-fluid discharges are reported
to cast harmful effects on autotrophic activities [13]. After mixing and interacting with
cold seawater and seafloor rock, the hydrothermal fluids from host rocks generally contain
abundant ions of Fe2+, Mn2+, silica, rare earth elements (REEs), chalcophile elements (Se, Te,
As, Sb, and Hg), toxic metals Cu, Pb, Cd, and other elements (B isotope), while Mg2+

is consumed during particle precipitation [3,4,14–16]. Here, the elevated concentrations
of residual metals might pose potential threats to the surrounding aquatic ecosystem.
It has been reported that, metals (Fe and Cu) were reported to have accumulated in gills
(159–175 µg g−1) and hepatopancreas (59–290 µg g−1) via filtration of the hydrothermal
crab Xenograpsus testudinatus, living beside the vents in KSI [17].

Specifically, hydrothermal fluids in KSI have been reported with a record low pH
value of 1.52, and a high temperature of more than 100 ◦C, and containing several orders of
magnitude higher of Fe and Mn (2–6) than in nearby seawater [1,5]. In recent years, limited
data have been reported on the total metal contents in hydrothermal fluids, mouthful
plumes, nearby seawater environments, and benthic vent animals, including submarine
snail Anachis sp. shells and the hydrothermal vent crab Xenograpsus testudinatus [1,4,17,18].
So far, even less data was reported regarding the dissolved metal concentrations, e.g.,
previous reports mentioned that hydrothermally venting elements have influenced the
composition of waters and organisms nearby [6,12,16,19–22], e.g., submarine crab (Fe and
Cu), marine copepods (Hg), and the abundance and composition of local zooplankton
taxon [23], and even increased local plankton mortality. More recently, high contents
of Fe and Mn were reported in the plumes [24]. In general, until so far, there are still
limited dataset of metals reported in the hydrothermal vents, and our understanding of the
transformations, impacts, and cycles of fluid-derived metals is still constrained.

This study aims to investigate the environmental parameters and dissolved siderophile
metals in the hydrothermal fluids, mouthful plumes, and ambient seawater of both yellow
and white vents offshore of KSI. We estimate the annual metal fluxes and evaluated the
possible influences and interactions of hydrothermal vent fluids with nearby seawater.
Our research explores the processes and cycling of hydrothermally derived metals and
other elements from vents, and their potential impacts on the nearby ecosystem.

2. Materials and Methods
2.1. Geological Setting of the Study Area

The Kueishantao Islet (Figure 1) is located to the northeast of Taiwan, China (24.83 N,
121.96 E), about 10 km from the island coast with an area of 3 km2, and belongs to the
Ryukyu island arc group of the rift depression [25]. The volcanic island at the southwest
Okinawa trough is at the age of about 7 ± 0.7 ka (thermoluminescence age), with the



Sustainability 2022, 14, 1754 3 of 15

igneous rock still active on geological activity [26]. Under the influences of the Eurasian
continental plate, geological features here are complex with frequent magma activities
nearby. Consequently, a specific ecosystem is formed with numerous submarine vents
~1 km to the southeast of the islet. In total, more than 30 vents have been reported in the
area, with water depths of 10–30 m, and an active area of about 0.5 km2 [1]. There exist three
parts of its hydrothermal venting system: hillocks, formed by sulfur accumulation, natural
sulfur chimney bodies, and bedrock cracks; the sulfur chimneys, which are accumulative
with a large amount of natural sulfur (>99.96%); and the hydrothermal sediments, which
are composed of yellowish fine sulfur sand [27]. In addition, more slender sulfur columns
are formed by the condensation of sulfur downward at the base of hydrothermal vents.
The temperature inside the vents is generally high (as high as 116 ◦C), and the water inside
is commonly oxygen-enriched and acidic [27].
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Figure 1. The satellite image and sampling sites of submarine hydrothermal areas at Kueishantao Islet
(KSI) located offshore northeast Taiwan. (A) Geological location of KSI and two hydrothermal vents.
The two dots refer to the locations of the yellow vent (YV, the left) and the white vent (WV, the right),
respectively. (B) The four-pointed stars with labels refer to the sampling sites for seawater. Some
representative labels are abbreviated as below: YH: hydrothermal fluid of the YV; YM: mouthful
plume fluids of the YV; AY10: seawater sample taken 10 m above the YV; Y5S: surface seawater, taken
at 5m away from the YV; Y5M: seawater sample taken 5m away from the YV; Y5B: seawater samples
taken 5 m away from the YV bottom.

Yellow and white vents are two representative hydrothermal vents located in the
southeast area of Kueishantao Islet (Figure 1A). The latest measured depths of the yellow
and white vents are about 13 m and 16 m, respectively. The flow rate was 12.3 m3 h−1

for the white vent, 51.5 m3 h−1 for the yellow vent. Consistently, the yellow spring is
characterized with higher temperature and more acidic features [5]. The hydrothermal
fluids from the yellow vent generally contain a large number of yellowish sulfur particles
(average pH ≈ 5.25, T = 90 ◦C), while the white vent, discharging ivory-white fluids with a
higher pH of 5.35 and lower temperature (38 ◦C).

2.2. Sampling Sites

The two submarine hydrothermal vents (yellow and white vents) are located in the
Kueishantao Islet (KSI) off NE Taiwan’s coast (Figure 1A). Samples from hydrothermal
fluids, vertical plume, and ambient seawater were in-situ collected in titanium-made
automatic gas-tight hydrothermal samplers (5 L) via scuba divers with a global positioning
system on 8 August, 2017. The four-pointed stars with labels refer to the accurate sampling
sites (Figure 1B). A site 1230 m (W1230) away from the white vent was chosen for sampling
as reference surface seawater.
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2.3. Water Sample Collection

All water samples were collected in titanium-made automatic gas-tight hydrother-
mal samplers (5 L). The seawater samples were collected on site and then filtered with
0.22-µm polycarbonate filters (Germany Merck Millipore Ltd., Tullagreen, Carrigtwohill,
Co. Cork, Ireland) in a clean environment on board. Samples were acidified with nitric
acid, and then metal ions were concentrated with Chelex-100 (Whatman, Germany) resins
following the previous procedure [28,29].

2.4. Measurement and Analytical Method

The acidified samples were adjusted to pH = 5.5 with a diluent ammonia solution
(collected and purified by using ultrapure water with AR grade) and then enriched with
resins (Chelex-100 resins). The resin was rinsed with 10 mL of ultrapure water, then
prepared the resin to be expanded in volume translucently with 0.1 mol L—1 of ammonia
water, rinsed with 10 mL MQ water again, and finally the resin column was activated
with 8 mL of 0.1 mol L−1 ammonium acetate (pH ≈ 5.5). All samples and standard
reference materials (Nearshore Seawater Reference Material for Trace Metals: CASS 5,
Canada National Research Council, Ottawa, Canada) were enriched with the pre-prepared
resins. The samples and the reference were eluted with 1 mol L—1 nitric acid, and then
for measurements of trace metal elements in Fe, Mn, V, Cu, and Mo, by ICP–MS (Agillent
Series 7700, Santa Clara, California, USA) [28,29]. Finally, we tested the average recovery
ratios of each metal with CASS 5 (Canada National Research Council, Ottawa, Canada)
and the recovery ratios are as the following: Fe (85.2–92.3%), Mn (93–99%), Cu (99–101%),
V (94–98.9%), and Mo (95.5–108%).

The temperature of the hydrothermal vent was measured directly with a thermocouple
thermometer (XR 440 Pocket Logger with Mvt-11 thermocouple, Pace Scientific Inc., Boone,
NC, USA). The hydrothermal flux is the average flow rate measured in 5 minutes with a
propeller flowmeter (Model 43-110, Hydro Bios Co Ltd., Altenholz Germany) placed on
top of the vent [4]. pH was measured with a pH meter (PHM-85, Radiometer, Copenhagen,
Denmark) at 25 ◦C on board. A Guildline salinometer (Autosal 8400B, Ontario, Canada)
was applied to measure and convert the conductivity to salinity (Sal.). Dissolved oxygen
(DO) was directly measured with the detector in a gas chromatographic method at the
day time of 10:00 AM to 13:00 PM, 8–9 August 2017. Dissolved inorganic carbon (DIC)
and sulfide (H2S) were analyzed with ion chromatographic method. The composition
of gases was referred to the previous described procedure [30]. The spectrophotometric
method with salicylic acid was used to measure Ammonia nitrogen (NH4

+–N). Chlorophyll
a (Chl-a) concentrations were estimated by the acetone extraction method with a Turner
Designs fluorometer calibrated with pure Chl-a which purchased from Sigma Chemical Co,
Ltd. (Saint Louis, MO, USA) [31].

2.5. Statistical Analysis

Data processing and statistical analysis were performed using IBM SPSS Version
23.0 (SPSS Inc., Chicago, IL, USA) and the statistics package R (V 4.1.2, 2021/11/01,
https://www.rstudio.com, Boston, MA, USA). All data were transformed in order to
reach normal distribution. The correlation of Spearman analysis was employed for an-
alyzing the relationships between variables. Graphs were plotted via using Origin 9.0
(OriginLab Software, Northampton, MA, USA) and Prism 8 (GraphPad Software, San
Diego, CA, USA).

3. Results and Discussion
3.1. Hydro-Chemical Characteristics in the Kueishantao Field

The geochemical characteristics of the plume and ambient seawater are presented in
Figure 2. The results were further depicted by comparing the two vents. The parameters
are listed below: temperature (T ◦C) dissolved oxygen (DO), salinity, sulfide (S), nutrients

https://www.rstudio.com
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(NH4
+–N), pH, total alkalinity (TA), dissolved inorganic carbon (DIC), and chlorophyll a

(Chl-a). The distribution of these environmental parameters is shown in the Figure 3.
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sampling, and (D) vent crabs Xenograpsus testudinatus in Kueishantao hydrothermal field (Note:
photos provided by the Seawatch Co. Ltd.).

The results show that the temperature in the yellow vent (50–90 ◦C) was significantly
higher than that in the white vent (31–38 ◦C), as consistent with historic records (range:
70–116 ◦C) [1]. DO was characterized by low concentrations in both vents as Figure 2B,
but was lower in the yellow vent than in the white vent. The low concentrations of DO
and the high sulfide concentrations has been commonly observed previously in the yellow
vent [1]. The chimney body of the yellow vent is composed of abundant sulfides, while
the hydrothermal fluid there contain high abundance of sulfur particles. Accordingly,
dissolved sulfide in the YH (0.58 mg kg−1) was much lower than that in the hydrothermal
mouth (11.75 mg kg−1) of the yellow vent, while it varied slightly in the white vent
(7.1–7.6 mg kg−1).

There exist complex geochemical reactions (including precipitation) when hydrother-
mal fluids were mixed with cold and alkaline seawater nearby [2]. Microorganisms such as
Thiomicrospira, Thiomicrorhabdus, Thiothrix, Sulfurovum, and Arcobacter likely derive energy
through the oxidation of reduced sulfide and then fix dissolved inorganic carbon (DIC) by
the Calvin or reverse tricarboxylic acid cycles [12].

The salinity was about 33.73 in the yellow vent, higher (33.59 and 33.72) in the white
vent. The pH values both show an increasing trend from the hydrothermal fluid to plumes
and then further increasing until the ambient seawaters (Figure 3F).
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The concentrations of NH4
+–N was much higher inside the yellow vent than that in the

vent mouth (0.7 mg kg−1 > 0.07 mg kg−1), while the concentrations were much close around
the white vent (0.74–0.82 mg kg−1). In addition, NH4

+–N was comparatively lower at the
nearby site (W1230). The distribution of TA and DIC was the opposite: TA in the yellow vent
(1866–1968 µmol kg−1) and in the white vent (1925–2060 µmol kg−1) were both less than those
in the vent plumes. DIC in the yellow vent (YH: 5078 µmol kg−1 > YM: 2644 µmol kg−1) and
in the white vent (WH: 4829 µmol kg−1 > WM: 3738 µmol kg−1) were both higher than in the
vent plumes. The Chl-a content in the yellow vent (0.13 µg L−1) was higher than that in the
white vent (0.01 µg L−1), which were both lower than that (W1230 = 0.31 µg L−1) in the nearby
site. Chl-a was not detected inside the two hydrothermal fluids.

3.2. Siderophile Metal Characterization of Hydrothermal Vents

The vent fluids inside the yellow vent and the white vent were characterized with
lower siderophile metal concentrations than in hydrothermal mouthful plumes and ambient
vertical seawater, while Fe and Mn show the opposite in the yellow vent (Figure 4). The dis-
solved Fe inside of the while vent and its vent mouth was twice as great as that in the yellow
vent, respectively. Fe content in the white vent mouth was as high as 108.05 nmol L−1, while
lower in the yellow vent mouth (24.61 nmol L−1). In general, the concentrations of dissolved
Fe were higher in the white vent than in the yellow vent, while dissolved Fe was lowest in
the nearby site W1230 (16.82 nmol L−1). Dissolved Mn was quite abundant but subject to
precipitate out rapidly in the hydrothermal fluid, and the plume outside the yellow vent
showed with a low value (31.66 nmol L−1) (Figure 4). The concentrations of dissolved
Mn inside the white vent (4630.2 nmol L−1) and the vent mouth (1770.1 nmol L−1) were
significantly higher than that in the surrounding seawater (147.56 nmol L−1), indicative of
an addition of the metal during being transported. In comparison, the yellow vent showed
with much lower Mn, and the order of Mn concentrations was shown in the Figure 4: YH
(inside) > YM (mouth) > W1230 (5.03 nmol L−1) > AY10 (above = 3.77 nmol L−1), probably
due to the fact of particle removal outwards. Previous researchers reported that inves-
tigated total Mn (1.15–2.01 µmol L−1) and total Fe (7.12–2.01 mmol L−1) including both
dissolved and particulate forms in the two hydrothermal fluids could mostly occur in the
unfiltered fraction [32].

Dissolved V ranged from 6.07–17 nmol L−1, Cu, from 0.45–6.39 nmol L−1, and
Mo ranged from 1.25–40.04 nmol L−1 inside the vents, showing a correlation with each
other. The concentrations of dissolved V (14.84 nmol L−1), Cu (3.04 nmol L−1), and Mo
(67.41 nmol L−1) were observed in the nearby site W1230. The salinity (R2 = 0.924), DIC
(R2 = 0.95), and NH4

+–N (R2 = 0.63) were linearly correlated with the dissolved V (p > 0.05,
Figure 5). The elevated metals (Figure 4) might be attributable to a series of geochemical
reactions, including chloride-induced desorption from suspended particles (Figure 3C),
the oxidation of metal sulfides (Figure 3D), and the partial dissolution of Fe-rich miner-
als [28,33]. The low salinity in the yellow vent (Figure 5) may have resulted from either
phase separation or the intrusion of meteoric groundwater from KSI island [4,5]. The mix-
ing with seawater along with particle precipitation acted as the main process dictating
the metal variations in the hydrothermal fluids, plumes, and seawaters. Additionally,
the conditions of high temperature and low pH may have favored the increased concen-
trations of dissolved metals [17], e.g., V and Mo. The relatively higher dissolved metal
concentrations in the white vent mouthful plumes could be attributable to the mixing
process with penetrated seawater before venting [4]. In addition, the lower concentration
of S, Fe, and Mn, the higher content of DIC and NH4

+–N in the yellow and white vents,
indicating that the above mentioned elements may have been precipitated (Fe, Mn, and S;
Figures 3D and 4) or been consumed (C and N; Figure 3E,H) via geochemical reactions
with or without biological involvement (autotrophic and heterotrophic bacteria of sulfur
oxidation and carbon fixation) in the shallow-sea hydrothermal seafloor before release [6].
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Fe and Mn showed similar distribution patterns, as both metals exhibited the highest
concentrations in mouthful plumes (except Mn for the yellow vent), and both contents
declined in the sites above the vents, the enrichment of the two metals within the vents
might be attributable to submarine vent releasing [4]. The major ion Mg inside the vents
(0.99–2.33 mmol L−1) was lower than in the nearby seawater (W1230 = 3.84 mmol L−1),
as it was largely depleted via precipitation [4,34].

The influence of seawater mixing was demonstrated in the profiles of the environmen-
tal parameters in the yellow and white vent plumes (Figure 3). Additionally, the flux of the
yellow vent (up to 51.5 m3 h−1) was much higher than that of the white vent (12.3 m3 h−1),
which served as another factor dictating the metals’ distribution. Likely, the white vent’s
buoyant plumes were still influenced from the nearby yellow vent plumes [4]. The bio-
geochemical processes may contribute to the variations of metal concentrations from the
hydrothermal fluids to buoyant plumes and ambient seawaters, which include the modula-
tion from marine life, seawater dilution, coprecipitation, phase separation, scavenging or
removing by Fe- and Mn-rich particles, and so on [4,6,32].

3.3. Plume Fluxes of Dissolved Metals from the Hydrothermal Vents

We further explored the potential impacts of hydrothermal plumes on ambient coastal
seawaters, especially on the submarine ecosystem off the Kueishantao Islet. We measured
the concentrations of dissolved metals (Fe, Mn, V, Cu, and Mo) and a major element of Mg
(Table 1) in the hydrothermal fluid, ambient plumes, and vertical profile of seawater in the
yellow and white vents. Previous surveys on the metals in the hydrothermal vent fluids,
plumes, snail shells Anachis sp., and crab Xenograpsus testudinatus are listed in the Table 1.
The elements in the two vents were relatively abundant, as released from the hydrothermal
fluids outwards. Consistently, our research also showed that several metals (Fe, Mn, and Cu)
exhibited sufficient exports to the surrounding seawater environments [1,4]. The total Fe
and Mn in the hydrothermal fluids from the white vent (35.7 µmol L−1) were both much
higher than that from the yellow vent (7.13–7.86 µmol L−1, Table 1). Therefore, the metal-
enrichment obviously altered the elemental composition of nearby marine life, as high
bioaccumulation of Fe (37.04–175 µg g−1) and Cu (53.4–290 µg g−1) were detected in the
crab and snail as Table 1 [17,18].

To better explore the impacts of siderophile metals, the flow rates of the vents were
used to assess the flux influence on the ambient waters and its potential threats to the
submarine ecosystem. It was recorded with the flux of the yellow vent fluids of up
to 150 m3 h−1, larger than that of the white vent fluids (<7 m3 h−1) in May 2011 [4].
Our previous work showed the flux of the yellow vent had a lower flow rate (97.5 m3 h−1),
while the higher flow rate (12.3 m3 h−1) of the white vent was observed in May 2015
(unpublished). In this study, the flow rate was measured in August 2017 with the rate of up
to 51.5 m3 h−1 in the yellow vent, and 12.3 m3 h−1in the white vent (Figure 6). Such slight
changes in flow rate might be attributable to the effects of earthquakes [35]. Here, dissolved
siderophile metals (Fe, Mn, V, Cu, and Mo) and major elements (Mg and Ca) are discussed
as assessments the environmental processes due to hydrothermal activities summarily.

The equation for assessing the annual metal flux (AMF) of the yellow vent and the
white vent releasing into the ambient waters (kg or g) is expressed as the following:

Annual Metal Flux (AMF) = fm × Cm × 24 × 365 (1)

where fm is the flow rate (m3 h−1) of hydrothermal vents, Cm is the concentration of
dissolved trace metals (nmol L−1).
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Table 1. The annual flux of dissolved trace elements in yellow vent and white vent near Kueishantao Islet located offshore from northeast Taiwan, and historic data
(nM = nmol L −1; µM = µmol L −1, mM = mmol L −1).

Study
Area Sampling Site Type Fe Mn V Cu Mo Ca Mg

Kueishantao hot T (◦C) plumes seawater in total 22.3 ± 32.8 µM 1.31 ± 2.43 µM - 218 ± 862 µM - 9.43 ± 0.50 mM 48.7 ± 2.25 mM
[1] low T (◦C) plumes seawater in total 7.92 ± 6.55 µM 0.58 ± 0.51 µM - 5.25 ± 8.52 µM - 9.64 ± 0.36 mM 49.8 ± 1.52 mM

Kueishantao Xenograpsus
testudinatus

(crab in D.W.)

gill (µg g−1 D.W.) 159 ± 71.0 3.31 ± 1.31 - 290 ± 91.41 - - -

[17] hepatopancreas
(µg g−1) 175 ± 99.2 3.95 ± 2.35 - 53.4 ± 37.6 - - -

muscle (µg g−1

D.W.)
37.04 ± 21.72 0.69 ± 0.5 - 74.6 ± 27.1 - - -

Kueishantao surface seawater total (unfiltered) 1.96–7.74 µM 0.78–1.19 µM - - - 10.6–12.5 mM 51.1–55.5 mM
[4] yellow vent fluids total (unfiltered) 7.13–7.86 µM 1.14–1.15 µM - - - 10.0–10.3 mM 50.1–50.9 mM

yellow vent plume total (unfiltered) 9.13–13.6 µM 1.37–1.43 µM - - - 10.3–10.5 mM 50.5–50.6 mM
white vent fluids total (unfiltered) 35.7 µM 2.01 µM - - - 9.2 mM 48.4 mM
white vent plume total (unfiltered) 4.19–6.54 µM 0.96-1.42 µM - - - 10-10.2 mM 50.2–52.4 mM

Kueishantao Xenograpsus
testudinatus

male crab’s back 32.1–55.9 µg g−1 4.77–14.6 µg g−1 - 1.53–3.21 µg g−1 - 30.1–31.7% 1.72–2.02%
[18] female crab’s back 35.0–67.4 µg g−1 3.60–6.0 µg g−1 - 2.21–4.25 µg g−1 - 30.9–31.8% 1.52–1.94%

male crab’s claw 14.0–73.0 µg g−1 3.60–7.55 µg g−1 - 1.61–2.33 µg g−1 - 30.4–31.5% 1.50–1.96%
female crab’s claw 47.0–55.9 µg g−1 4.06–4.62 µg g−1 - 3.52–4.02 µg g−1 - 30.2–30.6% 1.84–1.94%

snail (Anachis sp.) shell (mg g−1) 53.7–108 µg g−1 4.72–8.89 µg g−1 - 4.05–4.40 µg g−1 - 39.2–40.6% 146–330 µg g−1

this study
(2017) fluid dissolved

(nM)/Flux 24.6/0.62 kg 45.4/1.13 kg 6.07/139 g 0.45/12.9 g 1.25/54.3 g - 0.99 mM/4.28 × 104 kg

yellow
vent plume dissolved

(nM)/Flux 49.0/1.24 kg 14.7/0.36 kg 11.5/266 g 1.10/31.7 g 1.42/61.6 g - 1.29 mM/5.59 × 104 kg

seawater dissolved
(nM)/Flux 19.2/0.49 kg 3.14/0.08 kg 13.3/306 g 2.69/77.7 g 21.1/915 g - 1.62 mM/7.02 × 104 kg

fluid dissolved
(nM)/Flux 46.8/0.28 kg 1770/10.5 kg 6.13/33.7 g 0.42/2.89 g 11.8/122 g - 1.09 mM/1.13 × 104 kg

white vent plume dissolved
(nM)/Flux 108/0.65 kg 4730/28.0 kg 10.7/59.0 g 6.24/43.1 g 21.3/221 g - 2.33 mM/2.41 × 104 kg

seawater dissolved
(nM)/Flux 15.8/0.1 kg 80.5/0.48 kg 14.6/80.2 g 4.04/27.9 g 64.2/664 g - 1.34 mM/1.39 × 104 kg
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Figure 6. Schematic diagram of hydrothermal metal circulation and interaction with hydrothermal
vent fluids in the submarine hydrothermal field based on the present study.

The estimated annual fluxes of dissolved elements emanating from the hydrothermal
vents are in the following ranges: 1.09–7.02 × 104 kg Mg, 0.10–1.23 kg Fe, 0.08–28 kg
Mn, 33.4–306 g V, 2.89–77.7 g Cu, and 54.3–664 g Mo (Table 2). It should be mentioned
that there are more than 30 individual hydrothermal vents in the KSI field; our estimates
might be lower than their actual influence on their ambient environments, e.g., plankton
mortality covers possibly more than 1.5%, which poses great challenges for local marine
organisms, [19,21]. The metals (Fe and Cu) accumulated in gills and hepatopancreas of
the hydrothermal crab Xenograpsus testudinatus, which lives by the sides of these vents via
filtration [17]. In general, hydrothermal venting at KSI Island contribute to siderophile
metals inputs of ambient seawater; the influence on the nearby environment is quite
limited and localized due to the large volume of seawater dilution, which is consistent with
previous report [4].

Table 2. The correlations among the determined parameters in the yellow vent and the white vent.
The significant correlations at 0.05 and 0.01 levels are marked in bold.

Salinity S NH4
+ pH TA DIC Chl-a Fe Mn V Cu

salinity 1
S 0.143 1

NH4
+ −0.771 0.314 1

pH 0.943 b 0.086 −0.714 1
TA 0.657 0.371 −0.086 0.600 1

DIC −0.943 b −0.086 0.714 −1.00 b −0.60 1
Chl-a 0.812 a 0.174 −0.638 0.928 b 0.464 −0.928 b 1

Fe −0.429 0.771 0.771 −0.486 0.143 0.486 −0.348 1
Mn −0.486 0.143 0.829 a −0.314 0.143 0.314 −0.319 0.429 1
V 0.943 b 0.086 −0.714 1.00 b 0.600 −1.00 b 0.928 b −0.486 −0.314 1

Cu 0.543 0.143 −0.086 0.600 0.886 a −0.600 0.580 0.029 0.200 0.600 1
Mo 0.600 0.029 −0.143 0.714 0.771 −0.714 0.551 −0.257 0.371 0.714 0.771

Note: ‘a’ refers to correlation at the 0.05 level being significant (two-tailed); ‘b’ refers to the correlation at the 0.01
level being significant (two-tailed).
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3.4. Geochemical Implications and Possible Processes Dictating Dissolved Metals

The trace metals (V, Cu, and Mo) were positively correlated with salinity, pH, TA,
and Chl-a, but negatively correlated with DIC, all with correlation coefficients of above 0.54
(significant at 0.05 level), suggesting that these parameters behaved coherently during fluid
venting and seawater mixing (Table 2). Fe (R2 = 0.77) and Mn (R2 = 0.83) also displayed a
positive correlation with NH4

+–N, indicating the NH4
+ concentration was restrained by

the behavior of Fe and Mn, as well as by the seawater dilution.
To reveal the regional dynamics of trace metals and environmental factors in the

yellow vent and the white vent, principal component analyses (PCA) were applied using
the determined parameters as shown in the Figure 7. The classification and interpretation
of siderophile metals and environmental characteristics were further assessed by PCA
analyses. The first two principal components explained 40.4% (PC1) and 21.8% (PC2) of the
variances, respectively, the determined parameters of the two vents can be classified into
two components with a total cumulative variance of 63% (Figure 7).
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the environmental factors of hydrothermal vent fluids from the yellow vent and the white vent.

Samples of the yellow vent were grouped along the negative axis of PC1, while the
positive for the white vent. V and Mo with negative loading and Fe, Mn, and Cu with
moderately positive loadings composed the second component (PC2). The samples of
the yellow vent had high loadings on temperature, DIC, S, and NH4

+. The enrichment
and content ratios of the chalcophile elements (Se, Te, As, Sb, and Hg) demonstrated their
abundance in the sulfur matrix and minor fractionation after being partitioned into the
metallic melt and forming a separate vapor phase to transport [16]. The DIC results are
highly related to the variation of seawater pH, which might indirectly affect the metal
behavior, and the primary producer utilizes CO2 to perform photosynthesis. In addition,
five selected metals show positive loadings with environmental factors in PC1. Those
samples from the white vent have high loadings on pH, salinity, TA, and Chl-a. In these
environmental factors, the greater the total alkalinity (TA), the more hydroxide radicals
(OH−) is. Thus, it becomes easier for adsorption and precipitation processes of dissolved
metals in these hydrothermal vents. Consistently, previous research show that particulate
organic carbon was enriched in the vertical plumes as explained by physicochemical
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processes rather than biological sources [36]. In addition, microorganisms might also alter
the abundance of trace metals in seawater surroundings.

We assume that dissolved metals might change due to phase fractionation, partially,
as the schematic diagram illustrates in Figure 6. The content of Chl-a was highly associated
with the content of trace metals (V, Cu, and Mo) (Table 2, R2 > 0.55), and these metals shows
a relationship with environmental characteristics, including salinity, pH, TA, and DIC
(negative correlation). DIC (p < 0.01) and pH (p < 0.05) show significant differences in
samples (Figure 7). There was no significant correlation (p > 0.05) between siderophile
metals and the S except Fe (Table 2, R2 = 0.77), suggesting that the element might originate
from hydrothermal venting and be diluted by ambient seawater.

4. Conclusions

In this study, we, for the first time, collected samples inside the two vents (yellow and
white) from Kueishantao Islet, Taiwan, China, and analyzed the samples for their content of
dissolved metals, including Fe, Mn, Cu, V, and Mo. The two vents show a large difference
in terms of hydro-chemical parameters. For example, the yellow vent was characterized
by a higher temperature (90 ◦C) and lower pH, higher plume-discharging rate, while the
white vent by lower temperature, higher pH, and lower plume discharge rate. Both vents
contained a large number of sulfide particles and element sulfur.

In particular, our results show a significant difference in dissolved metals’ concentra-
tions among the two vents, and also in the surrounding sites. Higher releases of dissolved
metals in the white vent than in the yellow vent might be attributed to more precipitation
occurring in the yellow vent, as dissolved Fe and Mn concentrations are elevated in all
sampling stations, probably due to increased desorption from particles, while the concen-
trations of dissolved V, Cu, and Mo were also altered during the hydrothermal processes
and the following geochemical reactions. The flux of dissolved Fe and Mn contributed to
the ambient environment significantly, while V, Cu, and Mo may be substantially removed
within hydrothermal processes during particle adsorption and precipitation.

In addition, the hydrothermal systems were characterized by a large number of acid-
reducible sulfides, ore-forming metals, and highly toxic and acidic hydrothermal fluids,
which dictated a quite distinct ecosystem from the nearby coastal environment. These
results reveal that submarine hydrothermal venting might have already contaminated the
adjacent seawater and further affected the local environment and marine organisms.

In summary, our research here reports a dataset of dissolved metals (Fe, Mn, Cu,
V, and Mo) inside the two shallow-water hydrothermal vents. The concentrations of
these metals were altered in nearby seawater, as a result of combination of coastal and
hydrothermal processes. Our data further hints at a preliminary insight for the siderophile
metal processes of fluid–plume–seawater interactions, and an enlightening understanding
of the metal redeployment in the submarine shallow nearby ecosystem.
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